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ABSTRACT 
An investigation in the High Speed Water Tunnel of the two- 
dimensional hydrodynamic character is t ics  of sharp-edged hydrofoils 
i s  described. The lift, drag, and pitching moment were measured  
in cavitating and noncavitating flows for flat  plate and circular  a r c  pro-  
files. The theory of Wu for the forces  on sharp-edged profiles in full  
cavity flow and the experimental resul ts  showed good agreement  over  a 
wide range of attack angles. 
INTRODUCTION 
The pr imary  advantage to be gained f rom hydrofoil boats is the 
possibility of attaining very high operating speeds without inordinately 
high power requirements.  However, the fullest  exploitation of this 
important advantage may make the occurrence of cavitation on the hydro- 
foil sys tem unavoidable with a resulting inc rease  in drag  and a decrease  
in  lift. F o r  some applications where very high speeds a r e  essential ,  
i t  may be possible to r e l ax  the requirement  for a high lift coefficient 
and, i f  the cavitating hydrofoils operate in  a stable manner,  the onse t  
of cavitation need pose no insurmountable problem. In fact i t  may be 
desirable to operate  the hydrofoils over the grea tes t  possible speed 
range in the fully cavitating regime in order  to take fullest  advantage 
of this stable flow configuration. Thus, we a r e  lead naturally to pro-  
fi les with sharp  leading and trailing edges beca.use the very low mini-  
mum pressu res  provided by their  sharp  edges make such profiles cavi- 
tate a t  relatively low speeds. Moreover, for full cavity flows the cavity 
springs f rom the sharp  edges, so  for  a large range of attack angles the 
geometry of the flow past  the hydrofoil remains essentially the same, 
thereby assuring steady hydrofoil operation, On the other hand, there 
a r e  situations in  which the onset of full cavity flow completely changes 
the flow geometry so that the forces  on the hydrofoil suffer dras t ic  
changes a s  the full cavity develops. The nature of such force variations 
and the range of flow geometr ies  for  which they occur should be of con- 
siderable interest  for  the application of sharp-edged profiles to design 
situations, 
In view of the fact  that the full cavity generally spr ings from the 
s h a r p  leading and trail ing edges, the two-dimensional cavity flow past 
such sharp-edged profiles of simple geometry has  considerable theo- 
r e t i ca l  interest .  These fixed separation points enable f r ee  streamline 
theory to be applied to a cavity flow for which the separation points a r e  
known in advance. Such a theory of forces  on fully cavitating profiles 
has  been developed by T. Y. WU.' It i s  of in te res t  to submit this  
theory, which makes no linearizing approximations, to experimental 
verification. 
The present  r epor t  includes a presentation of the two-dimensional 
force  and moment charac ter i s t ics  which were  obtained in High Speed 
2 Water Tunnel experiments.  These data a r e  presented f o r  sharp-edged 
hydrofoils of flat  plate, and concave circular  a r c  profiles for  both 
cavitating and noncavitating flow. Those forces  which were  measured  
in the fully cavitating flow regime a r e  compared with Wufs exact theory. 
EXPERIMENTAL PROCEDURES 
The methods of measurement  and of data reduction will be de - 
scr ibed  in this section. Brief descriptions of the experimental equip- 
ment  used in the experiments a r e  also given. 
The present  experiments, which were  made to determine the two- 
dimensional forces  on flat  plate and circular  a r c  profiles in  full cavity 
flow, required that a two-dimensional channel be installed in the High 
Speed Water Tunnel working section. When this modification to the High 
Speed Water Tunnel working section i s  rnade, the t e s t  section i s  
changed f r o m  a round channel 14 inches in d iameter  into a nearly 
rectangular  sect ion whic h i s  14 inches  high and 3 inches  wide. 
Th i s  modification i s  accomplished by simply bolting appropria te  pla tes  
and cast ings  into the exist ing round t e s t  section a s  shown by F igs .  1 
and 2. A detailed flow calibration of this two-dimensional section, 
which has  been c a r r i e d  out by ~ e r m e e n ~  showed the flow to be ve ry  
uniform except nea r  the walls where  boundary layer  effects a r e  i m p o r -  
tant. The boundary layer  thickness on the ver t ica l  wal ls  in the region 
spanned by the two-dimensional hydrofoil models  was found to be 
about 3/16 inch. 
A three-view schema.tic drawing which shows the two-dimen- 
sional working section, fo rce  balance, and the position of the hydrofoil 
i s  given in  Fig.  3. The horizontal  hydrofoil orientation was chosen i n  
o r d e r  to e l iminate  hydrostatic p r e s s u r e  effects  on the spanwise d i s -  
tribution of cavitation. I t  has  been found that with this  precaution, the 
resul t ing flows a r e  essent ia l ly  two-dimensional under both cavitating 
and noncavitating conditions. 
The profi le shapes  chosen for the exper iments  a r e  shown to 
scale  i n  F ig ,  4. F o r  strength,  the f lat  plate profi le i s  actually the 
lower sur face  of a na r row wedge of 10 degree-apex angle, and the c i r -  
cu la r  a r c  m04el  is of c i r cu l a r  contour on only one face.  Thus,  f o r  ful l  
cavity flows these two models  allowed t e s t s  to be made for  three  dif - 
fe ren t  shapes;  a f la t  plate, a concave c i r cu l a r  a r c  and a bent plate. 
Th i s  l as t  shape i s  obtained by running the c i r cu l a r  a r c  model upside 
down so that the concave section i s  inside the cavity and the polygonal 
sect ion i s  exposed to the liquid flow. The a t tack  angles  and cavitat ion 
conditions fo r  which this l as t  configuration could be tes ted  were  l imi ted  
by the cavitation which occu r r ed  a t  the hump between the two flat  s u r -  
faces. In the range  of lower a t tack angles, the f i r s t  segment  i n  f ron t  
of the hump i s  s t i l l  wetted, while a full cavity develops over  the r e a r  
segment. Data f o r  th is  ca se  had a l ready  been taken with the wedge. 
F igu re  5 shows the c i r cu l a r  a r c  model at tached to the mounting 
disk for  instal lat ion of the model in the tes t  section, Both models  
were  attached to mounting disks a s  shown, and then the disk was a t -  
tached to the force balance spindle.4 The flat  portion of the disk was 
fi t ted to the spindle so that it was flush with the working section wall. 
The gap between the mounting disk and the over-s ized hole in the wall 
was  made a s  sma l l  a s  possible in o rde r  to reduce extraneous flows over  
the profiles. However, under some severe  profile load conditions, 
spindle deflections allowed the mounting disk to bear  against  the side of 
the hole in the channel wall and thus prohibit the recording of valid force 
data. F o r  those instances where it was necessary  to obtain force data 
fo r  such severe flow configurations, the tunnel velocity was lowered 
enough to reduce the spindle deflections to a n  acceptable amount. In the 
course  of these experiments,  a heavier spindle was installed to mini- 
mize  these deflections. 
Most of the force data were taken with the tunnel speed se t  for 
30 o r  25 fps. F o r  each test  run, lift, drag, and pitching moment data 
were  taken a t  a constant velocity and a t  a constant attack angle. The 
fo rces  were measured  f rom noncavitating to full cavity flow conditions 
by varying the working section static pressure.  This  procedure was 
repeated for a l l  the at tack angles investigated. The forces  and 
moments  measured  by the balance a r e  r ead  out on automatic beam bal- 
ances.  These readings were recorded photographically by means of a 
microfi lm camera  which was  mounted over  the gauge console a s  shown 
i n  Fig. 6. In the present  experiments,  only a few check runs  were  
made to evaluate the experimental scat ter ,  because i t  had already been 
3 found that the present balance generally gives force and moment data 
which a r e  reproducable within two o r  three per cent. 
The force and moment data were cor rec ted  for force gauge read-  
ings  a t  zero load, for the slight influence of working section s tat ic  
p r e s s u r e s  on the balance readings, and for viscous drag on the hydrofoil 
mounting disk. None of these data were  cor rec ted  for blockage o r  other  
wal l  effects. The data were  reduced to coefficient fo rm by means of the 
formulas  
- Lift C, = p=+ , - Moment 
C~ - 1 2 ' and CM - 2 * 
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Fig.  1 - Fai r ing  plates for  converting the High Speed Water 
Tunnel tes t  section into a two-dimensional channel. 
Fig.  2 - Fair ing plates installed in the 
High Speed Water Tunnel tes t  section. 
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Fig.  4 - The two hycfrofoil sections tested.  
Fig.  5 - The circular  a r c  hydrofoil ready 
fo r  installation in the test  section. 
Fig .  6 - General arrangement  of experimental apparatus.  
F i g .  7 - Conventions for positive forces  and moments. 

In these equations, A i s  the plan-form a r e a  of the model, c is the 
profile chord, V i s  the f ree  s t r eam velocity in the two-dimensional 
section and p i s  the density of water. The positive sense of a l l  
fo rces  and moments is given in Fig. 7 .  The pitching moment i s  r e -  
f e r r ed  to the point a t  the profile leading edge. 
The dynamic p res su re  1/2 p v L  was determined by measuring 
the static pressure  difference be tween the water tunnel settling section 
and the ups t ream piezometer ring of the c i rcu lar  tes t  section. This 
reading, f rom a carbon tetrachloride and water manometer,  was con- 
verted into the dynamic pressure  in the two-dimensional tes t  section 
by simple a r e a  ratio considerations. 
It was a l so  necessary  to determine the cavitation number for  
a l l  runs. F o r  full cavity flows which permitted direct  measurement  
of pk, the static p res su re  inside the cavity, the cavitation number i s  
given by 
The symbol po r ep resen t s  the f ree  s t r eam static pressure  in the two- 
dimensional tes t  section. F o r  flow states  which did not permit  the 
direct  measurement  of the cavity pressure ,  the cavitation number w a s  
based upon pv, the vapor pressure  of water a t  the given temperature.  
F o r  these c a s e s  the cavitation number i s  given by 
The f r ee  s t r eam stat ic  pressure  po was measured  by means of 
a mercury  barometer  which is connected to the piezometer ring at 
the upstream end of the circular  working section. This  reading was  
converted to the two -dimensional channel s ta t ic  pressure  by taking 
account of known friction losses3  and the a r e a  ra t ios  between the two 
points, The cavity p res su re  p required two measurements  for  i t s  k 
determination. F i r s t ,  a U-tube mercury  manometer was used to 
measure  the difference between the cavity pressure  and the barometr ic  
pressu re  outside the tunnel. Second, the barometer  was read. The 
cavity pressure  i s  obtained by subtracting the U -tube reading f rom the 
barometer  reading. 
F o r  each data point the state of cavitation on the model was photo- 
graphically recorded and the gap between the working section wall and 
the f r e e  end of the model was adjusted to within .002 inch clearance. 
Th i s  las t  precaution has  been found necessary to keep the effects of the 
end gaps negligible. 
EXPERIMENTAL RESULTS 
In this section we shall  consider many special  aspec ts  of our ex- 
per imental  findings. Since i t  i s  impract ical  to present  a l l  of the data 
in these discussions, we have tabulated in the appendix to this repor t  
the experimental values of lift coefficient C drag coefficient CD, L ' 
pitching moment coefficient C and the cavitation numbers  Kk and M' 
K for  each run. F o r  convenience, the l if t-drag rat io  i s  a l so  given 
v 
for each run. A run i s  identified by the number assigned to the photo- 
graphic exposure which recorded the state of cavitation on the profile. 
In the tables this is called the "Film number1'. In each table the data 
a r e  grouped according to attack angle. In Table I for the flat plate o r  
wedge, the angle a between the flow direction and the face  which 
C 
opposes the flow ( ra ther  than the wedge centerline) i s  used a s  the basis  
for  arranging the table. In Table I1 the at tack angle a i s  measured  
with respec t  to the chord of the circular  a r c  segment which fo rms  the 
lower surface of the profile (cf. Fig. 7). The attack angle for the 
bent plate data of Table I11 i s  measured f rom the chord line which 
passes  through the sha rp  leading edge and through the r e a r  corner  of 
the upper surface of the circular  a r c  profile. When the runs  for the 
bent plate configuration were  made, the c i rcu lar  a r c  model was tested 
a t  -14, -16, -20, -30,  -45 and -60 degrees r e fe r red  to the c i rcu lar  a r c  
chord line. The bent plate chord line i s  9'40' f rom the c i rcu lar  a r c  
chord line so that the en t r ies  in Table I11 a r e  in the range of a f rom 
23O40' to 60°40t. I t  may be seen that some of the tabulated values of 
K a r e  marked  with an  as te r i sk .  Ent r ies  so marked may be ques- k 
tionable, because the smal l  cavities were foamy ra ther  than c lear  
and steady so that the cavity p res su re  could not always be reliably 
measured.  However, i t  was found by comparison with other  data 
in  a group that the as te r i sked  values of Kk more  often than not 
represent  consistent data points. In a l l  tables the coefficients r e -  
present  the average of ten individual force o r  moment readings. The 
ten readings seldom showed appreciable deviations f rom each other. 
As mentioned previously, data were taken for various cavita- 
tion numbers  a t  fixed attack angles. Typical runs gave plots of 
lift, drag, and pitching moment coefficients a s  functions of cavita- 
tion number. Examples of the data f rom flat  plate and circular  a r c  
experiments a r e  shown in F igs ,  8, 9 and 10. 
0 In Fig. 8, CL, C ~ '  and -CM, for  the flat  plate a t  ac= 12 , 
a r e  shown plotted against  the cavitation number.  Some of the photo- 
graphs which recorded the state of cavitation on the profile a r e  a l so  
shown for cer tain points. These pictures show that a s  the cavitation 
increases ,  the lift, drag,  and moment increase in magnitude until 
the cavity envelops the ent i re  upper surface of the wedge. Then as  
the cavity continues i t s  growth and becomes a large c lear  cavity, 
the magnitudes of the fo rces  and moment decrease  steadily. I t  i s  
interesting to note that there must  be a considerable amount of cavi- 
tation on the upper surface of the wedge before appreciable changes 
in the forces  a r e  produced. Moreover, in  the reg ime of flow to the 
left of the peak coefficients, the steady full cavity flows produce very  
steady hydrodynamic forces. In the region to the right of the peak, 
the flow i s  not a s  steady and the resulting forces  tend to fluctuate. 
The severi ty  of these fluctuations appeared to depend on the nature of 
the noncavitating flow. F o r  example, if the profile a c t s  like a stalled 
airfoi l  with severe  buffeting in noncavitating flow, then the forces  on 
the profile in partially cavitating flow (to the left of the peak) a r e  
likely to fluctuate severely. The frequency response of the force 
readout equipment did not permit  quantitative data to be taken on these 
force fluctuations. 

Fig. 8b - The development of cavitation on the flat plate hydrofoil. Each photograph corresponds 
to the data so numbered in Fig. 8a. The a i r  bubbles which partly obscure the pictures taken a t  
the lower cavitation numbers resul t  f rom the diffusion of a i r  into bubbles trapped in the s t i l l  
water space between the channel wall and the outer working section window (see Fig. 3). These 
5 microsecond photographs show the instantaneous s tructure of the cavity and the wake. These 
a r e  indications of a Karman s t ree t  in the wake behind the cavity. 
Figure  9 presents  the resu l t s  of experiments on the c i rcu lar  a r c  
profile a t  a = lo0. The data exhibits the same general  trends a s  the 
plot of flat  plate data in Fig. 8. Thus we see for  both sections that 
the forces  reach  a peak when the profile is f i r s t  completely enveloped 
by cavitation and as  the cavity grows the forces  steadily decrease  
in magnitude. Moreover, we see that in the full cavity regime the 
cavity extends f rom the sha rp  leading and trailing edges and that for 
both the flat plate and c i rcu lar  a r c  profiles, only the lower surfaces 
a r e  exposed to flowing water. This  situation obtains a t  a l l  attack 
angles  which a r e  sufficiently high. However, in  cer tain ranges of 
low attack angles, the cavity flows assume different configurations. 
F o r  example, a t  angles a under 7O, the flat plate profile behaves 
like a slightly pitched wedge with the cavity springing f rom the two 
downstream corners .  That is, we found that the flow does not sepa- 
r a t e  f rom the sha rp  leading edge until the centerline of the wedge 
0 
makes  a n  angle of 2 with the flow direction, The c i rcu lar  a r c  pro- 
C 
file being of more  complex geometry than the wedge permits  a 
g r e a t e r  variety of cavity configurations a t  low at tack angles. An ex- 
ample of such a flow is given in  Fig. 10 where the force and moment 
0 
coefficients for the c i rcu lar  a r c  a t  a = 0 a r e  plotted against  the 
cavitation number. Here  we see that, a s  cavitation develops on the 
profile, i t  behaves somewhat like a cambered section which produces 
a positive lift. But upon the development of a full cavity flow, the 
section becomes equivalent to a flat plate a t  a negative at tack angle. 
Thus, the lift and moment change sign twice as the cavitation number 
decreases .  Although this i r regular  behavior may be augmented by 
the abrupt corner  in the upper surface of the profile used in the pre-  
sent  experiments,  it s eems  likely that other sharp-edged profiles 
with smooth convex upper sur faces  would experience much the same 
s o r t  of force r e v e r s a l  a t  low attack angles. When the at tack angle 
of the c i rcu lar  a r c  profile was increased, additional full  cavity flows 
were  observed. At a = 4 O  a full cavity sprang f rom the abrupt  
co rne r  of the upper surface and the trail ing edge of the lower sur face ,  
while a part ia l  cavity was observed to extend f rom the sha rp  leading 
edge par t  way back along the lower surface. At a =  7O the part ia l  
cavlt:-itlon on  the lower surface was suppressed  and a f~-111 c ~ v i t y  sprang  
frorrl tile co rne r  in the center  of the upper surface and the t ra i l ing edge 
0 
of the lower surface.  At a = 9 we observed the f i r s t  signs of cav i t a -  
tion extending f rom the sha rp  leading edge along the upper surface of 
the profile. However, this s m a l l  cavity was s t i l l  d is t inct  f rom the 
la rge  full  cavity which originated f rom the t ra i l ing edge of the lower 
sur face  and f rom the co rne r  in the center  of the upper surface.  The 
lowest angle for  which the full cavity was observed to spr ing f r o m  the 
leading and trai l ing edges  of the lower surface of the c i r cu l a r  a r c  
0 profile was a = 10 . 
As was  noted in  o u r  discussion of F igs .  8 and 9, there  i s  gene r -  
a l ly  a peak in  the magnitude of the forces  when the upper surface of the 
profile becomes en t i re ly  enveloped by cavitation. The re la t ive  mag-  
nitudes of the i nc rea se  i n  lift and moment ove r  their  values in non- 
cavitating flow a r e  generally quite large a s  long a s  the a t tack angle 
is kept reasonably low. However, the d rag  coefficient does not show 
such a marked  change. This  s ta te  of a f fa i r s  appea r s  to be due to the 
fact  that the present  prof i les  a r e  not intended to operate  efficiently i n  
noncavitating flow. The blunt trai l ing edge of both models  gives r i s e  
to high d rag  coefficients and to low lift coefficients in fully wetted flow. 
Therefore ,  the onse t  of cavitation i s  probably f a r  m o r e  beneficial to 
the development of lift on these profi les than i t  would be for  sharp-  
edged profile s of c lean aerodynamic shape. On the other  hand, the 
i nc rea se  in  d rag  occasioned by the development of cav i t a t~on  on c lean  
sharp-edged prof i les  should be much m o r e  pronounced than i s  the 
ca se  for the presen t  proii les.  
Finally,  we note that in plottlng the data of F igs .  8, 9,  and 10, 
we have used  both the cavitat ion numbers  K and Kv. The cavitation k 
number ,  based on cavity p r e s s u r e  Kk, was used wherever  i t s  
measu remen t  was  possible. In those ins tances  where  this could not 
be done, the cavitation number ,  based on vapor p r e s s u r e  Kv, w a s  
used a s  the b a s i s  for the plot. In mos t  ins tances  this  procedure has  
resu l ted  in  the data to the right of the peak being plotted a s  a functiorl 
of Kv while near ly  a l l  of the data a t  thc lower cavitat.ion numbers  a r e  
plotted against  Kk. The justification for  this procedure  which has  been 




followed throughout the present work, originates from the well-known 
5 
r e su l t s  of Reichardt which showed that the cavity geometry and the 
d rag  force for  a given axially symmetr ic  body in full cavity flow is 
determined by the cavitation number Kk based on cavity pressure.  
T h i s  resul t  i s  physically reasonable in view of the fact that the base 
p res su re  for such bluff body flows i s  certainly a pr imary factor  in 
6 determining the force on the body. In fact the recent  work of Roshko , 
which uses  f ree  s t reamline theory in an investigation of bluff body 
d rag  in a i r ,  suggests that under some conditions i t  might be consis- 
tent to use the parameter  K for noncavitating flow past sharp-  k 
edged hydrofoils. In such situations the profile should be stalled and 
the base pressure  on the upper surface of the profile should be used 
in place of the cavity pressure  in calculating Kk. 
In Fig.  1 1 the lift coefficients for the flat  plate a t  low attack 
angles  a r e  plotted against  cavitation number. In Fig.  l l a  the data a r e  
plotted against  Kk to the left of the CL peak wherever valid cavity 
p res su re  data were obtained. The cavitation number based on vapor 
p res su re  K i s  used elsewhere in this plot. Figure 1 l b  is based en-  
v 
t i re ly  on the vapor pressure  cavitation number Kv. The superposed 
cu rves  of Fig. l l c  compare the resu l t s  of these two methods of plotting 
the data. As  can be seen, there i s  a consistent difference between the two 
representat ions of the data. If for the reasons  given above, we consider 
the curve based on Kk a s  giving the more  nearly co r rec t  representa-  
tion of the data,  we can see that in applications of the data to design 
situations involving full cavity flows, ser ious e r r o r s  in the estimation 
of the lift coefficient could resul t  i f  the para-meter Kv i s  used a s  a 
bas i s  for design. Moreover,  the use of Kv alone may not permit the 
d i r ec t  comparison of experimental resu l t s  f rom various test  facilities. 
Of course  we assume that the relationship between Kv and Kk i m -  
plieci by the present water tunnel tests does not necessar i ly  hold under 
full scale conditions. In o r d e r  to apply the resu l t s  of water tunnel 
t e s t s  to design situations with grea ter  confidence, i t  would be of g rea t  
value to know more  about the mechanics by which full cavity flows a r e  
sustained, so that such fac tors  a s  a i r  diffusion and turbulent entrainment 
P - P  CAVITAT ION NUMBER, Kk : $ P V O t  
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Fig .  11 - The effect of different expressions for  th.e cavitation p a r a m e t e r  
on the appearance of the force  data i s  shown. 
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Fig.  12 - C vs a for  the flat  plate hydrofoil. L C 
ANGLE O F  ATTACK I N  DEGREES, a, ANGLE OF ATTACK I N  DEGREES, a, 
Fig .  13a - CD vs  ac f o r  the f la t  Fig.  13b - CJ-J vs ac f o r  the flat  plate 
plate hydrofoil. hydrofoil a t  the lower a t tack angles.  
can bc accounted for.  Definite answer s  to the  applicability o f  water  
tunnel r e su l t s  and the estimation of K f rom given design data m u s t  k 
await  fur ther  investigations. F o r  the present  i t  would s eem that 
significant e r r o r s  could occur  a t  the higher values of the cavitation 
number.  F o r  cavitation numbers  below 0. 3 ,  say, i t  would appear  
that the use  of ei ther Kv o r  Kk might be expected to give r e su l t s  
which a r e  within engineering accuracy.  
All  the exper imental  r e su l t s  of Tables  I, 11, and I11 were  plotted 
against  cavitation number  in the manner  of F igs .  8, 9, and 10. The 
curves  which were  fa i red  through these data then formed the bas i s  fo r  
c r o s s  plots in  which the cavitation number a p p e a r s  a s  a parameter  
which defines the individual m e m b e r s  of var ious  famil ies  of curves .  
As explained above, wherever  possible the cavitation number in  these  
plots i s  based on the cavity pressure .  It should be emphasized that  
the points which a r e  indicated on these c r o s s  plots a r e  taken f r o m  
cu rves  which have been fa i red through the exper imental  data. They 
a r e  not exper imental  points and a r e  included on the c r o s s  plots to 
facil i tate their  use. The points on the c r o s s  plots a r e  a r r anged  so 
that  each cavitation number  i s  denoted by i t s  own symbol, 
A complete s e t  of cu rves  for  the flat  plate profile i s  given in 
F igs .  12 through 18, F o r  se lected values of the cavitation number,  
fami l ies  of cu rves  giving CL, CD, CM and L/D ve r sus  ac  a r e  
plotted in  F igs .  12 through 15. F r o m  Figs .  12 and 14 we see  that the 
family of cu rves  for  CM looks somewhat like the reflection of the C L  
family  of cu rves  in the horizontal  axis .  Th i s  i s  to be expected because 
the or igin  of moments  i s  taken a t  the profile leading edge. If the 
presen t  data for  C L ' GI), and CM a r e  used  to calculate the cen te r  
of p r e s s u r e  location, we obtain cu rves  showing the trave 1 of the 
center  of p r e s s u r e  with changing cavitation number.  In F ig ,  15a the 
distance of the cen te r  of p r e s su re  f rom the leading edge i s  plotted 
against  the cavitation number  for runs  a t  a = 12O and 7O. The cen te r  
C 
of p r e s su re  distance is expressed  a s  a f ract ion of the profile chord 
0 length. The points for  the curve Labeled ac = 12 correspond to those 
of Fig. 8a with the r e su l t  that the re la t ionship between cavitation 
developrneni and center of pressure  position may be determined with 
the help of Fig. 8b. As cavitation develops on the profile, the center 
of pressure  moves f r o m  i t s  position in noncavitating flow toward the 
r e a r  of the profile. Then a s  the cavity becomes more  fully developed, 
the center of pressure  moves toward the nose. The general  trend for 
the 7O curve seems  to f i t  into this pattern, but the cavitation number 
could not be lowered f a r  enough to permit  the region to the left of the 
peak to be investigated, I t  appears  that the grea tes t  change in center 
of p res su re  position with cavitation number i s  limited to 15% of the 
chord. In Fig,  15b the change in center of p res su re  position with attack 
angle is shown for a constant cavitation number. The curve i s  fa ired 
between those points for  which the profile i s  in full cavity flow. The 
tendency of the center of p res su re  to move toward the center of the 
profile as  ac inc reases  is evident. 
F o r  a fully cavitating flat plate a t  the at tack angles tested, we 
may  certainly neglect viscous forces  in considering the variation of the 
l if t-drag ratio with ac. We might therefore expect the l if t-drag rat io  
to be given by the cotangent of the at tack angle since a l l  p re s su res  a c t  
in  a direction normal  to the plate. In Fig.  16 the cotangent curve i s  
plotted a s  a dashed line in o rde r  to compare this rule with the experi-  
mentally determined values of L/D. We see  that for sufficiently high 
a c  and for  sufficiently low K the cotangent rule gives a good represen-  
tation of the data. F o r  lower a and higher K we see that L/D 
C 
depends on the cavitation number. The peak in each L/D curve a t  
constant cavitation number separates  the full  cavity flow state f rom 
the noncavitating o r  partially cavitating flow states.  The profile was 
i n  full cavity flow fo r  points to the right of each peak. The peaks in the 
L/D curves correspond to the sharp  bends in the C L  and CH curves  
of Figs.  12 and 14 where full cavity flows were found to ex is t  to the r ight  
of each bend. 
The cavitation polar diagram for the flat  plate profile i s  given in 
F igs .  17a and 17b. As  with the CD vs ac curves  of Fig. 13, one plot 
r ep resen t s  the ent i re  range of the data, and the other,  plotted to a 
l a rge r  CD scale ,  r ep resen t s  the data over  the l imited a range of 
C 
g rea te s t  pract ical  interest .  
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Final ly ,  the exper imenta l  r e su l t s  fo r  the wedge profile in  fully 
wetted flow a r e  given in  Fig.  18. F o r  these data the a t tack angle a is 
m e a s u r e d  with r e spec t  to the wedge centerl ine so  that  the angle a and  
the angle a c  differ by 5'. 
Except  f o r  cu rves  which involve the cen te r  of p r e s s u r e  position, 
the complete cha rac  t e r i s t i c s  for  the c i r cu l a r  a r c  profile a r e  p resen ted  
in  F igs .  19 through 24. This  se t  of curves  dif fers  in no essen t ia l  r e -  
spect  f r o m  the s e t  of cu rves  presented fo r  the f la t  plate. Therefore  the 
r e m a r k s  made above for  that profile will generally be applicable to the 
r e s u l t s  for  the c i r cu l a r  a r c .  Of course  there  a r e  ce r ta in  detailed 
dif ferences  between the two se t s  of curves  a t  low at tack angles which 
a r e  caused  by the g r e a t e r  number of flow configurations at tainable with 
the c i r cu l a r  a r c  model  i n  this range of a. Thi s  feature  of the c i r cu l a r  
a r c  exper iments  has  a l ready  been considered in  connection with the d i s -  
cuss ion of F igs .  9 and 10. Of course  there  a r e  other  differences which 
may be a sc r ibed  to the effects of camber .  In Fig.  22, which gives the 
l i f t -drag ra t io  for  the c i r cu l a r  a r c  a s  a function of a, the cotangent 
ru le  ha s  a l so  been included in  o r d e r  to permi t  a n  ea s i e r  comparison 
with L/D r e s u l t s  fo r  the flat  plate of Fig. 16. We see  that the gene ra l  
fea tures  of the two se t s  of cu rves  a r e  s imi l a r  and, in par t icular ,  we 
observe  that the s ame  t rend  f o r  L/D with cavitation number  ex i s t s  fo r  
both profiles. 
The e f f ec t s  of camber  fo r  high a t tack angles  a r e  given in  F igs .  25 
and 26 where  values of CL, CD, CM and L/D a r e  presented fo r  c i r  - 
cula r  a r c ,  f la t  plate and bent plate profi les in  full cavity flows. The 
res t r ic t ion  to high angles  (a = 25O. 30') was  requi red  because we found 
that cavitat ion o c c u r r e d  a t  the bend in  the bent plate profile a t  lower 
angles.  The penalty one i n c u r s  by changing f r o m  a concave to a convex 
hydrofoil i s  emphasized by the difference between the l i f t -drag r a t i o s  
fo r  the c i r cu l a r  a r c  o r  f la t  plate profi les and the bent plate hydrofoil. 
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SCALE EFFECTS 
In the present  experiments the major  portion of the data was taken 
for  partially o r  fully cavitating flows with the resu l t  that the cavitation 
number i s  the pr imary  scaling parameter.  Therefore we would expect 
near ly  a l l  of the present  resu l t s  to be directly applicable to pract ical  
use for  la rger  hydrofoils. Of course,  there may be pronounced Reynolds 
number effects for noncavitating flow past such sharp-edged profiles a s  
were  used in the present  experiments. F o r  this reason the Reynolds 
number at which the various data in noncavitating flow were  taken i s  
marked  on the curves for  each particular case  in Figs. 18 and 24, In 
Fig. 24 the dotted line between the solid curves i s  intended to serve 
only as a guide to indicate a possible trend. F o r  cavitation inception 
the f i r s t  signs of cavitation appear in the wake vortex cores. It i s  
7 known that this phenomenon i s  very sensitive to Reynolds number. 
However, i f  one i s  not concerned with cavitation noise generation, such 
inception is of no importance because the forces  on the profile appear to 
be unaffected by i t s  occurrence. 
COMPARISON WITH T m O R  Y 
As mentioned in the introduction, a n  important par t  of the present  
program is to provide an experimental check to Wucs theory for  fully 
cavitating hydrofoils. The resu l t s  of this exact theory f o r  flat plate and 
c i r cu la r  a r c  profiles a r e  presented in Ref. 1. In o rde r  to obtain a t rue 
comparison between experiment and theory we shal l  use those experi-  
menta l  resu l t s  directly f rom the tables of data, We shall  be very spa r -  
ing in our  use of cross-plot ted coefficients. We shall  concern ourselves 
mostly with comparisons between values of CL, CD and CM because 
these a r e  directly measured  quantities. 
In Figs .  27 through 29, flat plate experimental values of CL, C~ 
and CM a r e  plotted against  the cavitation number K for a wide range 
% 
of a t tack angles.  Theore t ica l  cu rves  f rom Wu% calculations a r e  a l s o  
given with the data. In the r a n g e  of K and a where  WuCs theory i s  
fully applicable, the ag reemen t  i s  very  good. Data points which a r e  
obviously outside the range of K and a for  full cavity flows have been 
included in  these plots to indicate the region within which the theory is 
valid. I t  can  be seen  that the agreement  i s  generally bes t  in  the c a s e  of 
CL and CM for  the lowest values of K and  that deviations between 
theory and exper iment  appear  to increase  with increasing K. It a l s o  
a p p e a r s  that the deviations in CM a r e  probably reflections of the 
deviations i n  C They a r e  generally consistent  i n  sense  with devia-  L" 
tions in  CM which one would expect to r e  su1.t f r o m  the deviations ob - 
se rved  in  G The ag reemen t  between the theoret ical  and exper i -  L * 
menta l  values for  CD a p p e a r s  to be well within the l imi t s  se t  by expe r i -  
menta l  sca t te r .  
In Fig. 16 i t  was  shown that the l i f t -drag ra t io  for the flat  plate 
deviates  f r o m  the cotangent rule  and that th is  deviation takes  the f o r m  
of a tendency fo r  the l i f t -drag ra t io  to i nc rea se  with increasing cavi ta-  
tion numbers .  On the other  hand, Wu has  found that h i s  theory checks  
the cotangent rule  fo r  L/D. Evidently the exper imental ly  observed  
t rend  of increas ing  L/D with K. i s  due mainly to the deviations between 
the theoret ical  and m e a s u r e d  values of CL which, a s  noted above, show 
a dependence on the cavitat ion number. Th i s  dependence of the C L  
deviations upon K a t  the lower a t tack angles  i s  consis tent  with the ob -  
s e rved  t rends  of L/D with M. 
The computed r e s u l t s  f r o m  Ref, 1 a r e  not a s  extensive i n  the c a s e  
of the c i r cu l a r  a r c  a s  they a r e  for  the f la t  plate, No cu rves  of G M  vs 
K were  calculated for  this ca se  and the computations made for CL and  
0 GD include a = 30 a s  the highest  a t tack angle considered.  F i g u r e s  30 
and 31 give a comparison of the appropria te  exper imental  data with the 
available theoret ical  r e s u l t s  fo r  the c i rcu la r  a r c  profile. The a g r e e  - 
ment  is good. 
.QE F o r  the flat  plate data we have r e f e r r e d  the a t tack angles  to t he  
lower surface of the wedge. F o r  conciseness  we have dropped the sub-  
s c r ip t  c which we used previously to denote this angle. Moreover ,  in 
this section of the r epo r t ,  by K we mean IM. k" 
0  L L  1 1 
0  0 2  0 4  0 6  0 8  1 0  1 2  14 1 6  1 8  2 0  
CAVITATION NUMBER. K 
0 
CAVITATION hUMBER, K 
Fig. 27 - Comparison between W u ' s  
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Fig.  28  - Comparison between Wu's theory and measured values of 
CD for  the flat plate hydrofoil. 
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Fig. 29 - Comparison between Wu's theory and measured values of 
C~ for  the flat  plate hydrofoil. 
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Fig. 30 - Comparison of Wu's theory and measured values of 
CL for  the c i rcu lar  a r c  hydrofoil. 
The var ie ty  of flow configurations at tainable with the c i r cu l a r  a r c  
mode l  pe rmi t s  an interes t ing comparison between theory and experiment 
a t  low at tack angles.  Such a comparison i s  given in  Fig.  3 2  where the 
exper imenta l  and the calculated r e su l t s  fo r  C and CD a r e  compared.  L 
The  theory r equ i r e s  the cavity to separa te  f r o m  the leading edge, while 
the exper imenta l  data r e s u l t  f r o m  a cavity flow which s epa ra t e s  f r o m  
the bend in  the upper sur face  a s  shown. Of course ,  i t  i s  probably pos- 
sible to design a c i r cu l a r  a r c  profile fo r  which the flow will correspond 
to the theoret ical  condition a t  these attack angles. Therefore  we may 
r e g a r d  Fig.  3 2  a s  a demonstra t ion of the advantage to be gained in the 
p re sen t  c a s e  by designing a sharp-edged profile so  that the cavity will  
spr ing  f r o m  the leading edge r a the r  than f r o m  some other  point on the 
upper  surface.  
When the values of CL  and CD f r o m  Wuts theory for the c i r cu l a r  
a r c  profi le a r e  converted into values of l i f t -drag ra t io ,  the graph of 
Fig .  2 2  resu l t s .  The dashed curve of Fig. 3 3  r ep re sen t s  the cotangent 
ru l e  and  is included with the c i r cu l a r  a r c  r e su l t s  in  o r d e r  to give a 
compar i son  between the theoret ical  r e su l t s  fo r  the f la t  plate and the 
c i r c u l a r  a r c  profi les.  If the exper imental  r e su l t s  of Fig. 22  a r e  com- 
pa red  with Fig.  3 3  i t  can be seen  that the exper imental  t rend of i n -  
c r ea s ing  L/D with increas ing  K i s  directly opposite to the theoretically 
predicted trend. Moreover ,  we see  f r o m  Figs .  30 and 31 that, a s  with 
the f la t  plate r e su l t s ,  th is  opposition of t r ends  i s  caused pr imar i ly  by 
the deviations between exper iment  and theory for  the lift component of 
force .  We note that f o r  both the flat  plate and the c i rcu la r  a r c  profi les 
the exper imenta l  r e s u l t s  usually indicate l if t-drag ra t ios  which a r e  m o r e  
favorable than those predicted by theory. F o r  both profi les a tendency 
of L/D to i nc rea se  with increasing K has  been found experimentally.  I t  
a l so  a p p e a r s  that the chief cause for th is  behavior r e s t s  with the lift 
r a t h e r  than the drag.  The cause for this behavior i s  not now understood, 
although we can  conjecture that  such a n  effect  might possibly be caused 
by the influence of the tunnel walls, o r  perhaps a sma l l  consis tent  e r r o r  
has  been unknowingly allowed to en te r  into the exper iments .  The prob- 
l e m  of wall  effects fo r  symmet r i ca l  cavity flows where  the only force  i s  
a d r a g  force  has  a l r eady  been investigated by Birkhoff, P l e s s e t  and 
8 Sirr~mons.  They found that, if the cavitation number  i s  based on the 
cavity p r e s s u r e ,  the d r a g  coefficient fo r  a given body i s  insensit ive to 
the effects of the tunnel walls. Of course ,  this r e su l t  i s  not di rect ly  
applicable to the presen t  situation. However, i t  i s  interesting to note 
that the exper imental ly  determined drag  coefficients for  both shapes  
show excellent  ag reemen t  with a theory in  which the flow i s  of infinite 
extent. It  i s  a l so  noteworthy that whatever the cause of the present  
s m a l l  deviations between exper iment  and theory,  the effect appea r s  to 
be l imited solely to the lift force.  A fur ther  investigation of these 
findings would be of in te res t .  
A comparison between experimentally and theoretically de te rmined  
camber  effects i s  given i n  F ig ,  34. The theoret ical  cu rves  a r e  taken 
f r o m  Wu's r e su l t s  for  c i r cu l a r  a r c  and flat  plate prof i les  a t  K = 0.6  and 
0 
a =  25 . The exper imental  points a r e  taken f r o m  the data of Fig. 25. I t  
i s  in teres t ing to note that  fo r  the convex under-  surface the calculated 
values of CL and CD fo r  a convex c i r cu l a r  a r c  profi le a r e  compared  
with exper imental  values taken f r o m  the f la t  plate. The comparison 
was  made by requir ing that for  both the convex c i rcu la r  a r c  and the 
bent plate prof i les ,  the flow should leave the s h a r p  leading and t ra i l ing 
edges  a t  the same angles.  That i s ,  the c i r cu l a r  a r c  m u s t  be tangent to 
the lower surface of the bent plate a t  the leading and t ra i l ing edges.  An 
a r c  for  which 7 = 1 0 ~ 5 1  closely mee t s  this requirement .  The good 
ag reemen t  between exper iment  and theory suggests  that a t  the high a t t ack  
angles  for  which this comparison was  made,  the angle a t  which the flow 
leaves  the contour i s  of g r ea t  importance,  and  that within the na r row 
l imi t s  considered he re ,  the detailed nature of the contour between the 
separat ion points has  little effect on the value of the force  on the body. 
CONCLUDING REMARKS 
In the preceding sect ions  exper imental  r e su l t s  for  the fo rce s  and  
moments  acting on two sharp-edged hydrofoils in  cavitating and noncavi- 
tating flow have been presented.  The influence of var ious  flow configura- 
t ions on the f o r c e s  which a c t  on a profile was  found to be considerable.  
The importance of correla t ing hydrofoil force data with the cavitation 
number  based  upon measu red  cavity p re s su re  i s  a l so  demonstrated.  
A comparison between experiment  and Wu's nonlinearized theory of 
f o r c e s  on profiles in full cavity flow showed good agreement .  The s m a l l  
deviations which were  found be tween the experimental  and theore t ical  
values  of the lift suggest  that fur ther  work be done to evaluate the influ- 
ence of tunnel walls on fully cavitating hydrofoils. 
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Q 
F o r  these runs  the measured difference between the barometr ic  
p ressure  and the cavity p ressure  war less  than 2.31 ft of mercury.  
This  condition corresponded t.0 flows with the relatively shor t  
foamy cavities of the higher cavitation numbers  where accurate  
cavity presaure readings were hard to obtain. 
TABLE I - FLAT P u r z  OR WEDGE 
F i l m  Kv 
No. Kk C~ C~ 
a = 5O 
2 .608 .48? .001 ,0781 .004 .0128 
3 .438 .360 .0012 .0589 .003 .0204 
4 .265 .245 .002 .0404 .003 .049A 
5 . 175 154 .001 . 0304 .002 .0329 
6 . 155 . 135 -.002 .0279 .002 -.0717 
7 . 141 . 121 -.005 .0274 .004 -. 1825 
. 
a = 6O 
8 .826 .641e . 105 .0978 -. 030 1.073 
9 .636 .515* . 105 .0801 -. 029 1. 310 
10 .455 . 377 . 100 .0615 -. 026 1.625 
11 .298 .266 . 104 ,0431 -.029 2.414 
12 .210 . 186 . 101 .0363 -.024 2.882 
13 . I 5 7  . 140 .093 .0309 -.022 3.02 
a = 7' 
18 .239 . 158# ,284 .0337 N.G. 8 .43 
~ 1 1 m  K" 
No Kk Cl .  C~ CM I,/D 
ac = 12' 
2a 4.285 .899 . 1312 -.307 6.84 
3a 2.646 .915 . 1313 -.313 6.96 
4a 2.217 .896 . 1306 -. 302 6.82 
5a 1.940 .900 . I314 -.303 6.84 
6a 1.758 ,896 . 1313 -. 298 6.82 
7a 1.567 .882 . 1293 -. 292 6.82 
8a 1. 384 .905 . 1327 -. 305 6.82 
9a 1.292 .924 . 1349 -. 318 6.84 
10a 1.213 .990 . 1384 -. 359 7.16 
l l a  1.123 1 . 0 0 6 ~  1.171 . 1467 -.492 5.22 
12a .968 .88@ 1.108 . 1534 -.487 4.32 
13a .833 .769 .985 . 1546 -.437 6.37 
14a ,705  ,643  .856 . I487 -. 375 5.76 
15a .624 .566 .754 . 1384 -. 324 5.45 
16a .534 .513 ,673  . 1263 -. 287 5.33 
17a .452 ,434 .583 . 1116 -.244 5.23 
18a . 377 .362 ,498  .0989 -. 202 5.04 
19a .284 .268 .421 .OR63 -. 165 4.88 
2Oa .208 . I 9 3  .355 .0764 -. 136 4.65 
21a . 191 . 180 ,351  .0747 -. 137 4.70 
22a 2.687 .919 . 1302 -. 319 7.06 
' 
19 . 164 . 1 4 p  .231 .0255 N.G. 9.06 
09 .803 . 6 3 P  . 231 . 179 -. 078 1.29 
10 .614 , 5 0 4 ~  .226 .080 -.081 2.83 24a 4.329 1.076 . 1585 -.406 6.78 
11 ,450  ,386 .225 .062 -. 074 3.64 25a 2.665 1.097 . 1607 -.419 6.82 
26a 2. 207 1.055 . 1602 -. 397 6.58 
27a 1.949 1.073 . 1599 -.403 6.72 
28a 1.749 1.072 . 1593 -.400 6.73 
29a 1. 580 1 . 0 5 2  1.072 . 1597 -. 398 6.72 
30a 1.383 1.094* 1.140 . 1640 -.450 6.95 
31a 1.241 1 . 0 6 9  1.160 . 1642 -.479 7.06 
32a 1. 175 1.060 1. 218 . 1785 -. 527 6.82 
22 .804 .644* .322 . 1083 33a 1,096 1.003 1.207 . 1869 -.538 6.46 
23 .622 .504* .312 .0868 34a .962 .894 1.118 . I846 -.505 6.06 
24 .436 .380 .532 .0632 35a .843 .790 .987 . 1857 -.447 5.32 
36a .732 .684 .880 . 1762 -. 398 4.99 
8 .373 ,0876 -. 157 
1.062 . 1559 -.410 
69a 4.445 1.155 .2175 -.SO2 5 .32  
70a 2.684 1. 156 .2159 -.5O2 5. 35 
71a 2. 241 1. 167 .2156 -.SO4 5.42 
72a 1.914 1. 158 .2146 -.500 5.38 
73a 1.794 1. 169 .2140 -.504 5.46 
74a 1.607 1. 189 .2176 -.508 5.47 
75a 1.394 1 . 0 6 9  1.227 .2265 -.532 5.41 
76a 1.277 1 . 0 8 1 ~  1.223 . 2289 " ~ 5 4 4  5.34 
40 1.729 .691 .584 . 1215 -. 179 4.81 77a 1. 174 1 . 0 3 0 ~  1.232 .2459 -.543 5.02 
41 1.376 .803 576 . 1273 -. 174 4.52 78a 1. 118 .994 1.214 .2438 -+552 4.98 
42 1.192 .848 .566 . I393 -. 170 4.06 79a 1.037 .935 1. 161 ,2435 -.528 4.77 
43 1.007 .780 .570 . 1323 -. 177 4. 31 80a .852 .783 .988 ,2332 -.446 4.23 
44 .804 .618 .931 . 1147 -.410 8. 13 81a .730 .679 .868 .2142 -.385 4.04 
47 -598  .497 .731 . lo37  -.316 7.05 8Za .651 .613 .797 . 1992 -.348 4.00 
48 -434 .379 .532 .0833 -. 217 6.37 83a .538 .506 .696 . 1790 -.301 3.89 
84a .453 .430 .591 . 1553 -.250 3.80 
85a .366 .349 .523 . 1397 -.218 3.77 
.308 .294 .480 . 1290 -. 196 3. 72 
87a .235 .223 .425 . 1189 -. 172 3. 58 
90a 2.752 i .175 .2209 - 3 1 4  5 .32  
63 2.647 
52 1.761 .746 . 1217 m.239 6.13 64 1.736 
53 1.405 .749 . 1242 -. 233 6.03 65 1.383 .54W 
54 1.005 1.103 . 1325 -.478 8.33 66 .984 .72W 
55 .808 .948 . 1363 -.414 6.95 67 .830 .714* 
68 .641 .564 
TABLE 1 - Contlnued 
92a 4.507 
93a 2.750 
94a 2.250 
95a 1.950 
96a 1.735 
TABLE It - CIRCULAR A R C  
73 2.752 1.035 .3464 -.487 2.98 
74 1.813 1.092 43420 -.519 3, 19 
75 1.397 I. 143 a 355 -.540 3.22 
-.0410 . 1171 -.Q953 -. 35 
-.0349 . 1210 -.0958 -. 29 
-.0247 . 1253 -. 1025 -. 197 
83 2.752 1.113 -487 -.546 2.28 
84 1.798 1.078 ,446 -.515 2.42 
85 1.438 1. 133 .487 -.554 2.32 
86 1.147 ,95@ 1.161 ,528 -.565 2.20 
.854 ,747" 1.014 ,445 -.488 2.28 
93 2.8115 1.235 ,676 -.628 1.83 
ll5a 6.389 
116a 6.219 .7917 .0958 -.3626 8.26 
117a 6.023 .7917 ,0954 -.3649 8.30 
ll8a 5.768 .7825 ,0896 -.3640 8.73 
119a 5.576 .7525 . 1211 -,3881 6.E2 
1ZOa 5.359 .5486 . 1141 -.2931 4.81 
t21a 5.146 .3546 ,0936 -.2042 3.79 
122a 4.924 ,2493 .0764 -. 1537 3.27 
123a 4.743 .257 .231 .2384 .0767 -. 1494 3.11 
124a 4.522 
125a 4.230 1.506 1.427 -1.028 1.056 
.a932 .0952 -.3899 9.38 
.a907 .0946 -.3894 9.41 
,9009 .0993 -.3939 9.07 
.a797 .0976 -.3861 9.01 
.9392 .0992 -.4310 9.47 
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